Background The reproducibility of brachial artery flow-mediated vasodilatation (FMD) is limited by the operator dependence of most measurement methods.
Introduction
B-mode ultrasound estimates flow-mediated dilation (FMD) in the brachial artery, induced by hyperemia reactive to transient arrest of the backward circulation (forearm occlusion) [1] . Reactive hyperemia produces a sudden augmentation of flow velocity inside the arterial lumen, and a corresponding increase in endothelial shear rate and stress that elicits nitric oxide release and induces the dilatation of the brachial artery diameter [1, 2] . FMD thus represents an indicator of nitric oxide availability, and its impairment may alert to early vascular disorders even before atherosclerosis is detectable [3] . Several studies have shown that brachial FMD is impaired by cardiovascular risk factors such as aging, male sex, smoking, hypercholesterolemia and diabetes mellitus, and is correlated with invasive coronary results [4] [5] [6] [7] [8] . Therefore brachial FMD is widely accepted as better stratifying cardiovascular risk and evaluating risk reduction therapies in clinical trials [1] . Nevertheless, its measurement requires a complementary image analysis technique aimed at very precisely detecting the edges of the arterial walls defining the arterial diameter [9] [10] [11] . Unfortunately, most edge detection techniques currently available have some degree of operator-dependent variability that limits their accuracy and objectivity in measuring brachial artery diameter [9, [12] [13] [14] . Moreover, there are still very few fully automated methods, currently available in clinical practice, that enable the limitation of conventional manual methods to be overcome [10, 11] . This work proposes an original versatile method of FMD quantification, which is appropriate for wide clinical use and replaces the manual selection of arterial walls by a computerized wall tracking algorithm, and evaluates the time course of the total dilatation response of the brachial artery during a reactive hyperemia test. The present paper describes the protocol for a typical FMD study, the computerized system for image acquisition and analysis, and the results of clinical repeatability testing in normal volunteers and asymptomatic patients with cardiovascular risk factors.
Methods

Study subjects
The study subjects included 10 normal volunteers without cardiovascular risk factors, selected from among our staff members, and 26 asymptomatic patients without known cardiovascular disease referred to our department because of the presence of at least one major cardiovascular risk factor, such as hypertension, hypercholesterolemia, current heavy smoking, a first relative history of premature coronary heart disease, or the metabolic syndrome defined according to the current guidelines (Table 1) . After giving informed consent they were examined in the morning, after 12 h fasting, in a quiet and temperature-controlled (20 AE 18) room, and in the supine position for at least 5 min, with the right arm in extension inside a cushion designed to avoid lateral movements. Blood pressure was monitored in the opposite arm by an automatic device (Omron, HET 705 IT; Tokyo, Japan). The brachial artery was visualized longitudinally and continuously by high resolution ultrasound (ATL 5000; Philips, Les Ulis, France) with a 7-12 MHz transducer probe positioned above the elbow and fixed in a robotic arm allowing its stability to be maintained [8] . After 5 min baseline conditions, occlusion of flow to the forearm was provoked and maintained for 5 min by a cuff inflated to suprasystolic pressure around the upper forearm, and reactive hyperemia was induced by sudden cuff deflation, resulting in rapid brachial artery dilation that reached its maximum approximately 1 min after cuff deflation [1, 8, 15, 16] .
B-mode scan analysis
Two analogue video sequences of artery imaging for 10 s in baseline conditions, and during the 15th to 180th second after cuff deflation, were acquired at the rate of 25 images per second with a personal computer (Pentium 4, 1 GHz CPU, 512 Mb RAM, 120 Gb HD) equipped with a frame grabber (Data Translation DT3130 series; Marlboro, Massachusetts, USA) at a resolution of 768 Â 576 pixels with a 256 grey scale. Sequences were analysed off-line by a reader using an automated step-by-step algorithm applied to each digitalized image. The software was developed by the Bioengineering Department of the Favaloro University (FICEN, Buenos Aires, Argentina), and a custom prototype was programmed in Cþþ (Visual Studio 6.0 platform, Microsoft), in which the image acquisition and detection algorithms were integrated.
At first, the reader manually selected a 1-2 cm rectangular region of interest (ROI), including a longitudinal scan of the brachial artery. The reader adjusted the ROI location in the brachial scan to obtain perfect visualization of both artery walls along the whole length of the rectangle (Fig. 1, left) . A rotation feature allowed a wall parallelism correction. Then the averaged curve of grey level change along a direction orthogonal to the longitudinal arterial axis was determined by the algorithm, as well as the maximal derivative values of the curve at the blood-wall interfaces (open squares; Fig. 1, right) . The detection of wall interfaces defining the artery diameter inside the ROI was performed automatically using a methodology described in detail in the Appendix. The edge detection algorithm worked fast, 40 ms per image, and provided automated diameter detection at each time of the cardiac cycle, resulting in continuous measurements of the diameter waveform (Fig. 2) .
Dilatation response analysis
The beat-to-beat change in diastolic diameter measured at baseline and during reactive hyperemia allowed the total brachial artery vasodilatation curve response to hyperemia to be estimated (Fig. 2) . The diastolic diameter value was detected by analysis of the diameter waveform without the need for an electrocardiogram trigger. The baseline diastolic diameter was averaged on successive cardiac beats over 10 s. A user selection of five to six cardiac cycles at the maximum of the dilatation curve was averaged to calculate the maximum diastolic diameter during reactive hyperemia (Fig. 2) .
The maximum change in diameter between hyperemia and baseline was the difference between the maximum diameter and baseline diameter. FMD was calculated as the ratio between the maximum change in diameter and baseline diameter, and was expressed as a percentage change of the baseline diameter.
Reproducibility studies
Within-reading variations in FMD and diameters were assessed by the reading of one scan of the same subject twice by two observers. Within-subject variabilities of FMD and diameters were assessed by analysing two repeated measurements per subject by the same operator 1 h apart (short-term) and 1 week or 1 month apart (long-term). In addition, the short-term within-subject variability of hyperemic wall shear stress, estimated from the mean centre line flow velocity during the first 15 s of reactive hyperemia by the Poiseuille equation [15] [16] [17] [18] : 4 Ã (hyperemic flow velocity)/baseline diameter, was assessed by analysing two repeated measurements per subject by the same operator 1 h apart.
Statistical analysis
Diameters were measured in millimetres and FMD as a percentage. We report the means, standard deviation (SD), and coefficient of variation (CV) ({SD/mean} 100%). Correlations were performed by the least squares method.
Results
Within-reading variability
In normal volunteers, the SD and CV of repeated readings of FMD were 0.4 and 7.5%, respectively, and both repeated FMD readings were highly correlated (r ¼ 0.99, P < 0.001) without a perceptible tendency in residue plots ( Table 2 , Fig. 3) ; the SD and CV of repeated readings of baseline and maximum diameters were 0.03 mm and 0.8% respectively, and both repeated diameter readings were highly correlated (r > 0.98, P < 0.001; Table 2 ).
In patients with risk factors, the SD and CV of repeated readings of FMD were 0.46 and 6.9%, respectively, and both repeated FMD readings were highly correlated (r ¼ 0.97, P < 0.001) without a perceptible tendency in
Flow-mediated dilation measurement in humans Craiem et al. 135 Continuous change in brachial artery diameter in baseline conditions and during reactive hyperemia test, as a result of the edge detection algorithm applied to the complete set of images in a typical patient sequence.
residue plots (Table 3 , Fig. 4) ; the SD and CV of repeated readings of baseline and maximum diameters were 0.06 mm and near 1.5%, and both repeated diameter readings were highly correlated (r > 0.97, P < 0.001; Table 3 ).
Within-subject variability
In normal volunteers, the SD and CV of repeated measurements of FMD 1 h apart were 0.5 and 7.8%, respectively, and the SD and CV of repeated FMD measurements 1 week apart were 0.7 and 9.6%, respectively (Table 2 ). Significant correlations existed between repeated FMD measurements 1 h apart (r ¼ 0.98, P < 0.001) and between repeated FMD measurements 1 week apart (r ¼ 0.95, P < 0.001) without a perceptible tendency in residue plots ( Table 2 , Fig. 3 ). The SD and CV of repeated measurements of baseline and maximum diameters, 1 h and 1 week apart, did not exceed 0.37 mm and 8.8%, respectively (Table 2 ). Significant correlations existed between repeated diameter measurements 1 h apart (P < 0.001) but no correlation existed between repeated diameter measurements 1 week apart (Table 2 ).
In patients with risk factors, the SD and CV of repeated measurements of FMD 1 h apart were 1.1 and 16.5%, respectively, and the SD and CV of repeated FMD measurements 1 month apart were 0.83 and 18.1%, respectively ( Table 3) . The SD and CV of repeated measurements of baseline and maximum diameters for both 1 h and 1 month apart did not exceed 0.17 mm and 4.1%, respectively (Table 3 ). Significant correlations existed between all repeated diameter measurements (r > 0.77, P < 0.01).
In a subgroup of 21 subjects (including three normal volunteers and 18 patients with risk factors), the SD and CV of repeated measurements of hyperemic wall Flow-mediated dilation (FMD) within-reading and within-subject variability, 1 h and 1 week apart, in normal volunteers. Left, Correlations of both readings and measurements. Right, Correlations of means and differences.
shear rate 1 h apart were 80 s À1 and 16.8%, respectively. A significant correlation was found between both shear rate readings (r ¼ 0.69, P < 0.05).
Discussion
This work presents an original method of FMD quantification that replaces the manual selection of arterial walls by the automatic imaging edge detection of the brachial artery during the reactive hyperemia test, and analyses the results of clinical repeatability testing.
At first, we found excellent results for FMD withinsubject reproducibility in normal volunteers both in short-term analysis with 8% CV of repeated FMD measurements 1 h apart in the same subject, and in long-term analysis with 10% CV of repeated FMD measurements 1 week apart in the same volunteer. As the short and long-term reproducibility studies were performed in the same group of volunteers, the low FMD CV found in both conditions cannot be confounded by differences in the selection of subjects, and demonstrates that our method considerably improves FMD reproducibility compared with most other methods used in the literature [9, 19] .This excellent reproducibility rate may be due to the fact that the subjects chosen as volunteers (our staff members) were relatively young, non-smokers, and were free of cardiovascular risk factors and other disease conditions likely to impair FMD. The higher the FMD, the lower its CV. This is mathematically due to the fact that FMD is the denominator of the formula used for calculating its CV.
To evaluate the impact of our study in patients with disease processes who are the potential targets of FMD measurement in the clinical setting, we also analysed short-term and long-term FMD reproducibility in patients free of clinical cardiovascular disease, but who Flow-mediated dilation measurement in humans Craiem et al. 137 Table 3 Brachial artery parameters obtained from two repeated readings of the same scan (within-reading variability) and from two repeated measurements of each subject (within-subject variability) in patients with cardiovascular risk factors Flow-mediated dilation (FMD) within-reading and within-subject variability, 1 h and one month apart, in patients with cardiovascular risk. Left, Correlations of both readings and measurements. Right, Correlations of means and differences.
are carriers of major cardiovascular risk factors, including the metabolic syndrome. Such patients are particularly concerned with FMD measurement, which is a test of subclinical arterial disease, and is very useful in the early pre-atherosclerotic stage of the disease. In these patients the CV of repeated FMD measurements 1 h apart averaged 16%, which is the same value as that reported in a previous study of within-subject FMD variability using an automated edge detection technique [10] . Moreover, the CV of repeated FMD measurement 1 month apart was approximately 18%, that is, considerably lower than the previously reported 50% CV of six repeated FMD measurements over several days using a conventional manual edge detection technique [9, 19] . In contrast, FMD CV in patients with risk factors was twice as great in short and long-term assessments as in normal volunteers, probably because FMD was on average lower in patients than in volunteers because of the impairment effect of risk factors on FMD, and this mathematically explains the CV difference between patients and healthy volunteers, as discussed above.
The reason our method provides better FMD reproducibility than conventional techniques of diameter measurement is because the latter require reader intervention to guide or correct the measurements manually, thus introducing a substantial degree of operator dependence that is a source of increased variability [9] . In contrast, thanks to the automation of the edge detection of the brachial artery scan, our method gives CV of repeated measurements of baseline and maximum diameters at 1 h intervals that averages 3% both in volunteers and patients. This is a very low within-subject diameter variability, compared with the previously reported 35% within-subject CV of repeated diameter measurements with the manual edge detection technique [9, 19, 20] . Diameter variability also remains very low in long-term assessment, approximately 9% in volunteers 1 week apart and 4% in patients 1 month apart. The relative difference in diameter CV between short and long-term assessments seen in volunteers suggests that the diameter of the brachial artery is subject to functional influences, in relation to vascular smooth muscle tone and wall stiffness that may vary during the course of a week. Also, it is likely that the probe position was closer to the original place within the same day than 1 week later. Surprisingly, we did not find differences in FMD CV between short and long-term assessments in patients, but this may be because of the different selection of patients who were not the same group in contrast to volunteers.
Finally, we also tried to assess two factors, reading variation and wall shear stimulus, which are likely to play a role in the variability of repeated FMD measurements [16, [19] [20] [21] . The variation in repeated readings of FMD is an important source of FMD variability, especially when the reading is dependent on the operator. The CV of our automated FMD reading was close to 7% for both volunteers and patients, namely five times lower than the 34% CV of FMD analysed by two readers using the conventional manual edge detection method [9] . However, the degree of reading variability that we observed demonstrates that our method is not entirely automated because of the operator interventions required to locate the ROI and to select the five to six periods to be averaged to determine the maximum diameter during hyperemia. The variation in the hyperemic wall shear stimulus between different measurements may also influence the variability of FMD. It has been shown that the magnitude of peak wall shear stress achieved during reactive hyperemia is an important determining factor of brachial artery FMD [15, 16] . Measuring mean hyperemic wall shear rate as a surrogate marker of peak wall shear stress with the assumption that blood viscosity was a constant [16] , we found approximately 17% CV of two repeated measurements of hyperemic wall shear rate 1 h apart. Such shear variation between two successive measurements may account for a substantial part of FMD variability.
Study limitations
First, the automation of the edge detection of brachial artery imaging does not make the entire method automated. The operator has to select areas of interest manually to achieve a perfect visualization and parallelism of the artery walls and then manually selects five to six cardiac cycles. Some degree of operator-driven variability can thus still take place. Second, there is a likely influence of the pathological process on FMD variability. This is supported by the present data that show that the within-subject variability in FMD is approximately two times greater in short and long-term assessments in asymptomatic patients with major cardiovascular risk factors than in normal volunteers. However, it is not impossible that more severe disease conditions, such as clinically overt cardiovascular disease, may alter FMD variability more by impairing FMD to a greater extent. Finally, to compare appropriately short and long-term variability, the assessments have to be performed in the same group of subjects. This has been done in normal volunteers but not in patients with risk factors, in whom short and long-term FMD variability were assessed in two different groups.
In conclusion, our method overcomes the variability of FMD measurement seen with conventional manual analysis. This is obvious in normal volunteers, and, although to a lesser extent, in patients with major cardiovascular risk factors, so supporting its clinical applicability to patients with disease conditions. It is easy to use in the clinical setting in patients and should allow the more widespread evaluation of brachial artery dysfunction, in particular in subjects suspected to be at risk of cardiovascular disease [20] . It is noteworthy that, as expected, FMD was lower in subjects with risk factors than in normal volunteers. However, the FMD difference between both groups was small (0.9% on average in absolute value), and did not reach statistical significance because of the small sample size (n ¼ 23 and n ¼ 10, respectively) and the dispersion of the FMD values within the studied population (3.4% SD), resulting in insufficient statistical power. threshold for the averaged profile amplitude. Markers (y A and y P ) were located by searching peak three-point derivatesin both walls. ROIleftandrightlimits wereassignedas columns x L and x R , respectively (Fig. 5) . To detect interface boundaries and delineate the edges along the longitudinal direction, the same derivate principle was applied to a moving averaged 10 pixels width column. As seen in Fig. 5 , this moving region centred in x Ci was shifted from x L to x R to obtain candidate wall points y¨C Ai and y¨C Pi for anterior and posterior interfaces. This vertical rectangle, averaging10columnsgreylevelpixelstoconstructacolumn profile at each step, shifted one pixel at a time in an overlapping trajectory. To discard invalid candidates, the distance of each candidate from the preliminary anterior and posterior interfaces was calculated, respectively, as:
Candidate points with distances greater than eight pixels were eliminated. To remove invalid points, the grey level distribution of the remaining candidates was calculated for each wall. Gaussian histogram distributions were typically found in both groups. Border point candidates with grey levels outside mean AE SD values were also discarded. After this, two-dimensional curves were calculated to describe each wall. The nominated candidates for each wall (X i , y¨C Ai ) and (X i , y¨C Pi ) were interpolated with a 10 order moving average filter to reconstruct the true final interfaces as follows:
Before this filtering process, missing values in the vectors were replaced by preliminary y A and y P estimations to ensure smooth curve waveforms. Finally, the estimated diameter was calculated as the averaged distance between opposite points of the interpolated smooth wall curves.
